Photoemission from the sp band of Ag͑100͒ is significantly affected by surface effects. The dominant surface contribution at low-photon energies is derived from a "•A term in the optical-transition matrix element which gives rise to a significant amplitude for indirect transitions. This surface term interferes with the usual momentum matrix element for band-to-band transitions in the bulk, resulting in an asymmetric direct-transition peak. A line-shape analysis of spectra taken with various photon energies leads to a quantitative determination of this surface contribution. The results, as well as similar results for Ag͑111͒ obtained over a different but adjoining range of photon energy, will be compared with the photon energy dependence of the dielectric function of Ag. ͓S0163-1829͑97͒06304-2͔
I. INTRODUCTION
Surface photoemission effects are known to be important in general, [1] [2] [3] [4] but are often ignored in actual data analyses. There are perhaps two reasons for this often adopted simplification. One is that the problem of surface photoemission is mathematically complicated. The other is that the main features of typical spectra seem to be well described by bulkbased models, such as the three-step model for band-to-band transitions. 4, 5 A closer look at the various spectra in the literature, however, reveals that such simplification is not justified in many cases. A recent reinvestigation of the directtransition line shape from the sp band of Ag͑111͒ is an example. 6 This direct transition has an asymmetric line shape, which is evident from spectra published in the literature almost 20 years ago. [7] [8] [9] [10] An explanation for the asymmetric line shape as well as the fairly high indirect-transition intensity has been offered in terms of a "•A term in the optical transition matrix element. This "•A term vanishes in a homogeneous medium, but can become quite important near a surface. A simple argument shows that this surface contribution should be, to first order, proportional to ͑Ϫ1͒, 6 namely, the difference between the dielectric function of the substrate material under study and the dielectric function of vacuum. This quantity characterizing the dielectric mismatch at the surface depends on photon energy, suggesting a corresponding energy dependence of the surface photoemission contribution.
The present study of Ag͑100͒ offers another example of the importance of surface photoemission effects. Although the ͑100͒ face has a very different surface atomic arrangement than the ͑111͒ face, the sp direct-transition peak from the ͑100͒ face is similarly asymmetric as in the ͑111͒ case.
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From the Fermi level down to the top of the Ag 4d bands, there is an energy window of almost 4 eV in which the sp direct-transition peak can be observed. For normal emission from Ag͑111͒, the sp direct-transition peak falls within this window for photon energies of hϷ6-10 eV, while for Ag͑100͒, the range is hϷ11-16 eV. Thus, the data from both Ag͑100͒ and Ag͑111͒ together cover a relatively wide range of photon energy in which the surface contribution as a function of photon energy can be examined in detail.
II. EXPERIMENTAL DETAILS AND RESULTS
The photoemission measurements were carried out at the Synchrotron Radiation Center, University of WisconsinMadison, Stoughton, Wisconsin. A small hemispherical analyzer with a Ϯ1.5°acceptance cone was used to collect the data. The synchrotron beam was p polarized and had an angle of incidence of 45°. A normal-emission geometry was used. The Ag͑100͒ substrate was prepared by sputtering and annealing in the usual manner, and the final surface showed a sharp ͑1ϫ1͒ reflection-high-energy-electron-diffraction pattern. The sample was kept at room temperature during the photoemission measurements. Figure 1 shows a set of normal-emission spectra taken with photon energies of hϭ9-19 eV in 1-eV steps. The binding-energy scale is referred to the Fermi level. A peak is seen to emerge at the Fermi level and disperse toward higher binding energies as h increases. This is the direct-transition peak derived from the Ag sp band. The intensity rise at the high binding energy end for the spectra taken with hϭ16-19 eV is due to emission from the Ag 4d bands.
The relevant band diagram is shown in Fig. 2 , where the abscissa is the crystal momentum normalized to the distance between the zone center and the X point at the zone boundary. The sp band is nearly-free-electronlike. It is split at the X point into two branches separated by a gap. Direct bandto-band optical transitions at various photon energies are indicated by the vertical arrows in the figure, and these transitions give rise to the direct-transition peak seen in the photoemission spectra. This band diagram is constructed using a two-band model 12 involving three parameters: the pseudopotential V 100 , which is one-half of the size of the gap at the X point, and two effective masses, one each for the two sp branches. These parameters are chosen to provide a best fit to the peak positions seen in photoemission and inverse photoemission, 13 and to the Fermi wave vector deduced from de Haas-van Alphen measurements. A dashed horizontal line is drawn for each of the spectra taken with hϭ11-16 eV in Fig. 1 to indicate the zerointensity level. The peak is asymmetric, with the intensity being significantly higher on the side near the Fermi level. To show this asymmetry more clearly, Fig. 3 presents amplified versions of the spectra for hϭ13 and 14 eV. Dashdotted vertical lines are drawn at the peak positions to highlight the asymmetry of the peaks. This asymmetry and the higher intensity near the Fermi level cannot be explained by an inelastic background. Following traditional terminology, we will refer to the transition responsible for the higher intensity near the Fermi level as the indirect transition. The peak seen in Fig. 1 is partially distorted by the Fermi level for hϭ9 and 10 eV and by the d band emission for h ϭ17-19 eV. As a result, a detailed analysis of the asymmetry of the line shape can be made reliably only for hϭ11-16 eV. This analysis will be presented below.
III. DATA ANALYSIS
The asymmetry observed in Ag͑100͒ appears similar to the Ag͑111͒ case discussed in a recent publication. 6 This provides a nice confirmation of the generality of this phenomenon. The analysis for the present work follows closely that employed previously for the Ag͑111͒ case. 6 Briefly, Bloch states within the substrate are constructed using the two-band model mentioned above. The initial wave function is then constructed using linear combinations of these Bloch waves and an exponentially decaying wave in vacuum. The interface between Ag and vacuum is modeled by an abrupt interface, and the position of the surface plane zϭz0 relative to the classical surface is taken to be the same as in the Ag͑111͒ case. The final state for photoemission is similarly constructed using the time-reversed low-energy-electrondiffraction formalism, in which inelastic scattering is modeled by an exponential envelope function with a characteristic decay length related to the photoelectron mean-free path. 15, 16 Based on selection rules within the nonrelativistic limit, 17 only the z component of the photon field is relevant for the present discussion. The optical transition matrix element is proportional to
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The first term M b is the usual momentum matrix element, and is dominated by band-to-band transitions in the bulk. It is, however, somewhat affected by the surface because of the finite mean-free path. 6, 16 The second term M s is the dominant surface contribution, and is caused by a nonvanishing "•A near the surface. The surface photoelectric coefficient C is, to first order, given by
where ⑀ is the dielectric function of Ag. The proportional factor b is on the order of , and may have a weak dependence on the photon energy. The absolute square of the matrix element, multiplied by the initial and final densities of states and a Fermi-Dirac distribution function, yields a model spectrum. Additional parameters relevant to the analysis are a hole lifetime broadening ͑to be discussed below͒, an instrumental broadening, and a proportional constant for the Shirley background function 18 that accounts for the inelastic background.
The six spectra for hϭ11-16 eV in Fig. 1 are fitted with the model function described above. The asymmetry of the peak is almost entirely determined by the surface photoelectric coefficient C, which is treated as an independent fitting parameter in the present analysis. The resulting model functions for the 13-and 14-eV spectra are indicated by the curves shown in Fig. 3 to illustrate the quality of the fit. Also shown are the Shirley functions representing the inelastic background.
IV. DISCUSSION
The significance of the surface contribution is illustrated in Fig. 4 . The top curve, labeled as an ''elastic spectrum,'' is the fit function for hϭ14 eV without the Shirley background function. The middle curve is a result of the same calculation but with C set to zero. This curve shows a directtransition peak that is mostly symmetric, as would be predicted by the usual three-step model. A slight asymmetry can be related to the finite mean-free path. 16 The difference between this curve and the top curve illustrates the effects of the surface term M s. The bottom curve in Fig. 4 shows the density of occupied valence states. It is fairly featureless. Figure 5 shows the surface photoelectric coefficient C from the fit for both Ag͑100͒ and Ag͑111͒. The real and imaginary parts are shown separately. As mentioned above, the sp direct transition for Ag͑111͒ is observable in a different but adjoining range of photon energy due to the particular shape of the Brillouin zone. Also plotted in this figure is 2͑⑀Ϫ1͒ for comparison, where the proportional factor bϭ2 in Eq. ͑2͒ is chosen somewhat arbitrarily, but mainly for a match of the real parts for the Ag͑111͒ results. This choice is of the correct order of magnitude, and as mentioned earlier, b may have some residual dependence on photon energy. The Ag͑111͒ and Ag͑100͒ results together provide a relatively wide range of photon energy for this comparison.
There is actually some uncertainty in the dielectric function of Ag. The values that we employ here are from Ref. 19 , which represent ''the best values'' compiled from a number of sources. The dielectric function as a function of photon energy exhibits spectral features related to optical transitions. While the main features are well reproduced by different determinations, [19] [20] [21] [22] [23] there are some differences in the form of an overall offset and occasionally a sloping background.
In Fig. 5 , the real parts of C and 2͑⑀Ϫ1͒ for the Ag͑111͒ case show a good match because of the particular choice of b. The corresponding imaginary parts match quite well except for an overall offset. The imaginary parts for Ag͑100͒ also show a good match, but again there is a constant offset. The real parts for Ag͑100͒ do not match well. However, the difference can be well described by a linear function of h; in other words, the curvature is the same. Overall, there is a good correlation between C and 2͑⑀Ϫ1͒ in terms of the curving spectral features. There are several reasons not to worry too much about the discrepancy. Already mentioned is the fact that the dielectric function itself is somewhat uncer- tain. The quantity b may have some weak dependence on h. Another source of error in our analysis may be the fairly crude nature of our modeling of the surface, and this is likely the reason that the Ag͑111͒ and Ag͑100͒ data do not join smoothly. These surfaces are by no means abrupt from the standpoint of quantum mechanics, and there is no reason to expect the results for the ͑111͒ and ͑100͒ surfaces to be the same when the different atomic structure is taken into account. Our analysis based on a dielectric continuum model does, however, provide a good qualitative description of the surface photoemission phenomenon.
The width of the direct-transition peak is determined by the hole lifetime of the initial band, the mean-free path of the photoelectron in the final band, and the group velocities of the hole and the electron. 24 It is difficult to separate out the contributions from the initial and final bands. 24 For the ͑111͒ case, the hole lifetime near the band edge can be reasonably estimated from the sharpness of the emission cutoff at the band edge, 6 and is about 0.1 eV at room temperature. For Ag͑100͒, this band edge lies above the Fermi level and is thus unobservable in the present experiment. If we use 0.1 eV as our best estimate for the hole lifetime in Ag͑100͒, we can deduce the mean-free path for the photoelectron at various photon energies. Figure 6 shows the results of such an analysis for Ag͑100͒. The results from a previous study of Ag͑111͒ are included for comparison. 6 This figure shows that the mean-free path in Ag decreases from 50 Å at just above the photoelectron threshold to 10 Å at hϭ16 eV. We do not expect this quantity to depend much on the crystallographic direction, as long as the mean-free path is long compared with the inter-atomic-layer spacing, and the Ag͑100͒ and Ag͑111͒ results do join smoothly.
V. SUMMARY AND CONCLUSIONS
This study is an investigation of the line shape for the sp direct transition in Ag͑100͒. The results contribute to a data base for a better documentation of the surface photoemission phenomenon. Previously, there was only one such study involving the Ag͑111͒ surface. The present study provides corroborating evidence. Since photoemission is increasingly being used to explore and to characterize the properties of various materials, a detailed understanding of the fundamentals of this technique is important. The main results of this study are: ͑i͒ the sp direct transition in Ag͑100͒ is characterized by an asymmetric peak that cannot be explained by traditional bulk-based models such as the three-step model; ͑ii͒ the "•A term in the optical transition matrix element is not negligible near a surface, and can give rise to significant indirect-transition intensities; ͑iii͒ interference between the direct and indirect channels causes the direct-transition peak to become asymmetric; and ͑iv͒ variations in the surface photoelectric coefficient as a function of photon energy correlate well with the spectral features of ͑Ϫ1͒. We hope that the present study will motivate further experimental work on other systems and stimulate theorists to develop simple and accurate methods to treat the surface photoemission problem.
